The functional consequences of increased renal cortical hyaluronan that is associated with both acute injury and progressive scarring are unclear. The aim of this study was to characterize hyaluronan synthase-2 (HAS2)-driven HA synthesis and determine its effect on renal proximal tubular epithelial cell (PTC) function, because this is known to be the inducible form of HA synthase in this cell type. Overexpression of HAS2 mRNA increased HA generation, which in the supernatant predominantly was HA of large molecular weight, whereas there was an increase in low molecular weight HA in cellassociated fractions. This was associated with increased expression of hyaluronidases, inhibition of HA cable formation concurrent with reduction in HA-dependent monocyte binding, and increased pericellular HA matrix. Overexpression of HAS2 led to enhanced cell migration. HA can be modified by the covalent attachment of heavy chains that are derived from the serum protein inter-␣-inhibitor (I␣I), a process that is known to be catalyzed by TNF-␣-stimulated gene 6 (TSG-6; an inflammation-associated protein). Enhanced migration was abrogated by blocking antibodies to either I␣I or TSG-6. Addition of recombinant full-length TSG-6 (TSG-6Q) or TSG-6Q_Y94F, a mutant variant with impaired HA binding, increased cell migration. Both of these proteins were able to mediate the covalent transfer of heavy chains, from I␣I and pre-␣-inhibitor, onto HA. Addition of the isolated TSG-6 -Link module (Link_TSG-6), which binds HA but is unable to form covalent complexes with I␣I/pre-␣-inhibitor, had no effect on migration, suggesting that TSG-6 -mediated formation of heavy chain-HA complexes is critical in the formation of a pericellular HA matrix.
H yaluronan (HA) is a ubiquitous connective tissue glycosaminoglycan that in vivo is present as a high molecular mass component of most extracellular matrices. Although HA is not a major constituent of the normal renal corticointerstitium (1) , it is expressed around renal proximal tubular epithelial cells (PTC) after both acute and chronic renal injury that is caused by numerous diseases (2) (3) (4) (5) . Furthermore, increased deposition of interstitial HA correlates with both proteinuria and renal function in progressive renal disease (6) . The functional significance of alterations in HA synthesis in the renal tubulointerstitium, however, is unclear.
Our work has focused on the role of the epithelial cells of the proximal tubule in the initiation of fibrosis. It is well established that one mechanism by which PTC may contribute to disease progression is through transdifferentiation, a process that involves loss of cell-cell contact, disruption of the tubular basement membrane, acquisition of a fibroblast phenotype, and migration of cells into the interstitium (7) . We have demonstrated that binding of HA to its principle receptor, CD44, activates the mitogen-activated protein kinase (MAPK) pathway and enhances PTC migration, a process that is implicated in epithelial cell-fibroblast transdifferentiation and progressive renal fibrosis. There is overwhelming evidence implicating TGF-␤1 in progressive renal fibrosis. It is particularly important in regulation of cell-cell adhesion (8) and regulation of epithelial and fibroblast cell phenotype (9, 10) . Synergistic effects with other cytokines (11) and also alterations extracellular matrix (ECM) (12) are known to facilitate these changes. We previously demonstrated that TGF-␤1 itself has antimigratory effects on PTC (13) . Interaction of HA with CD44 and cross-talk between the CD44 and TGF-␤ receptor increase trafficking of TGF-␤ receptors to lipid raft-associated pools (14) , facilitates increased receptor turnover (15) , and results in the inhibition of the antimigratory effects of TGF-␤1 (16) .
Three separate genes for human HA synthase (HAS) have been cloned and characterized: HAS1, HAS2, and HAS3 (17) . We previously examined the regulation of HA synthesis by renal PTC in vitro (18) and demonstrated that increased HA synthesis was associated with transcriptional activation of HAS2 by stimuli that are implicated in the pathogenesis of renal injury, such as elevated glucose concentrations and the proinflammatory cytokine IL-1␤ (18) . HAS3 mRNA was con-stitutively expressed by PTC but was not altered by stimuli that increase HA synthesis. HAS1 mRNA expression, however, was not detected in PTC. These data suggest that isoform-specific HA generation may have a specific effect on PTC function.
Several cell types surround themselves in vitro with HA in an organized pericellular matrix, or "coat," that is associated with cell migration (19, 20) . Recently, in addition to these HA coats, we demonstrated that PTC form pericellular HA cable-like structures that bind mononuclear leukocytes via their cell surface CD44 receptors (21) and that binding of monocytes to these structures attenuates monocyte-dependent generation of TGF-␤1 by PTC (22) . These data therefore suggest that HA may be either disease promoting or disease limiting. This may depend on the context in which HA is generated, which may in turn dictate the structural architecture into which the HA is assembled and its functional effects. We hypothesize that regulation of HA assembly into pericellular structures, therefore, represents another important mechanism that regulates PTC function.
The wide range of biologic actions of HA is postulated to derive in part from its interaction with a wide number of HA-binding proteins, termed hyaladherins, which can be intracellular, secreted, or on the cell surface. We postulate that the hyaladherins of the inter-␣-inhibitor (I␣I) family of serum proteoglycans and the protein product of TNF-␣-stimulated gene 6 (TSG-6) are critical to the organization of pericellular HAbased structures. The I␣I family includes four plasma proteins: Free bikunin, I␣I, pre-␣-inhibitor (P␣I), and inter-␣-like inhibitor (I␣LI) (23) . Each of the last three proteins exists as a distinct assembly of one bikunin chain with one or more unique heavy chains (HC), designated HC1, HC2, and HC3. Although the components of the I␣I family are synthesized predominantly in hepatocytes, we previously demonstrated that PTC generate the P␣I variant of the I␣I family (24) . Much of the work on the associations of I␣I-related proteins with ECM has been done in studies of the cumulus cell-oocyte complexes (25) . In this system, it is clear that HA is the major structural component that determines the viscoelastic properties of the expanding matrix of the cumulus-oophorus. It is well established that members of the I␣I family are pivotal for the formation of the cell-oocyte complexes matrix, where covalent linkage of HC of I␣I (HC1 and HC2) and P␣I (HC3) to HA has been demonstrated (26, 27) , an interaction that has been postulated to contribute to the stabilization of the ECM (28, 29) . More recent studies suggest that I␣I components are associated with HA-based cables on colonic smooth muscle cells (30) . The pattern of expression of TSG-6 and its ligand specificity suggests that it also may be involved in ECM remodeling (31, 32) . It is composed of a Link module and a CUB module (residues 37 to 128 and 129 to 250, respectively) that are arranged in a contiguous manner, and it has been shown to have a role in regulating cell migration (33) (34) (35) . TSG-6 binds HA directly and also supports the covalent transfer of HC of I␣I family members to HA, both of which are likely to stabilize HA matrices. Importantly, Fü löp et al. (27) showed that TSG-6 Ϫ/Ϫ mice are infertile as a result of their inability to form HA-rich ECM that is essential for cumulus expansion, a phenotype that is associated with lack of incorporation of HC of either I␣I or P␣I into the cumulus matrix.
In this study, we sought to test the hypothesize that an increase in HA synthesis that is driven by the inducible form of HAS, HAS2, may be associated with functional changes in PTC that contribute to the pathogenesis of renal injury. For examination of this hypothesis, this study characterizes HAS2-driven HA synthesis and its pericellular assembly and how this relates to alterations in PTC function. The data demonstrate that overexpression of HAS2 leads to a marked increase in pericellular HA coats and to HA secretion into the cell culture medium. In contrast, there was a marked decrease in pericellular HA cables. These alterations in HA generation were accompanied by increased cell migration in a scratch wound model and marked reduction in HA-dependent monocyte binding, which is consistent with a profibrotic PTC phenotype.
Materials and Methods

Cell Culture and Generation of Cell Lines
All experiments were done using HK-2 cells (CRL-2190; American Type Culture Collection, Rockville, MD), which are human PTC that are immortalized by transduction with human papilloma virus 16 E6/E7 genes (36) . Cells were cultured in DMEM/Ham's F12 (Life Technologies, Paisley, UK) supplemented with 10% FBS (Biologic Industries Ltd., Cumbernauld, UK), l-glutamine, insulin, transferrin, sodium selenite, hydrocortisone, and HEPES (pH 7.2; Sigma-Aldrich, Poole, UK). Fresh growth medium was added to cells every 3 to 4 d until confluent. All experiments were done using cells at passage 30 or below, and cells were growth arrested in serum-free medium for 48 h before use in experiments. All experiments were done in serum-free conditions.
Cell migration was examined as described previously (37, 38) . Briefly, for quantification of re-epithelialization, an intersecting area of denuded cells was generated (37, 38) , and closure of the denuded area was monitored using an Axiovert 100M inverted microscope fitted with a digital camera (ORCA-1394; Hamamatsu Photonics K.K., Hamamatsu, Japan). Images of the denuded area were captured as a digitized sequence. The rate of motility of cells was calculated as the number of cells that entered the central denuded area. Cell number was expressed as cells per mm 2 of original denuded area at each specified time point.
U937 cells, originally derived from a human histiocytic lymphoma, were procured from the American Type Culture Collection. The cells were grown in suspension culture in RPMI medium that was supplemented with l-glutamine and penicillin/streptomycin and contained 5% FBS. Cells were routinely subcultured at a 1:5 ratio three times per week.
Generation of a HAS2 Overexpressing Clone
HAS2 open reading frame (ORF) was a gift from Dr. Andrew Spicer (Texas A&M University, College Station, TX). Standard PCR was done to reproduce the ORF using a combination of polymerases to increase the fidelity of the PCR product as described previously (39) . The combination included Taq polymerase (Promega, Madison, WI) and Pfu polymerase (Promega) in a 9:1 ratio. The primers used in the reaction included sites for two different restriction enzymes (NotI and PstI) to ensure sense cloning of the ORF into the pcDNA4/TO vector (Invitrogen, Carlsbad, CA). The ORF was inserted into the vector using a standard ligation reaction with Promega T4 DNA Ligase. Amplification of the cloned vector was done via bacterial transformation (JM109 competent Escherichia coli; Promega). The integrity of the HAS2 ORF was confirmed by restriction enzyme digestion (NotI and PstI; Figure 1 ) and sequencing (data not shown).
To establish a stable transfected cell line, subconfluent HK-2 cells in 35-mm Petri dish were transfected with either HAS2-pcDNA4/TO or empty pcDNA4/TO (mock transfection) using FuGENE 6 transfection reagent (Roche Scientific, Lewes, UK) under serum-free conditions (3 ml of FuGENE 6 and 1 g of plasmid DNA). Zeocin (400 g/ml) was added to the culture medium (with 10% serum) 24 h after transfection. Medium that contained 200 g/ml Zeocin was changed every 72 h until distinct cell clones were macroscopically visible (usually within 21 d after transfection). Selection of clones was done using cloning discs (Sigma-Aldrich) that were impregnated with trypsin/EDTA. Discs were left on HK-2 clones for no longer than 5 min and then transferred into a new 35-mm dish (containing 200 g/ml Zeocin). Cells were left to grow until they were Ͼ50% confluent. Cells then were subcultured into 75-cm 2 culture flasks from which cells were either frozen or processed for further experimentation. Transfected cell lines were always kept with 200 g/ml Zeocin except during experiments. Several HAS2-transfected lines were screened for HA productivity and HAS mRNA levels with one HAS2-transfected cell line that showed significant differences in HA levels and HAS2 mRNA compared with mocktransfected cell line considered as a positive HAS2 transfectant and, therefore, used in all of the experiments reported in this work.
Immunocytochemistry
Cells that were cultured in eight-well glass chamber slides (Nunc, Life Technologies/BRL Life Technologies Ltd, Paisley, UK) were analyzed by immunohistochemistry. Cells were grown to confluence and exposed to serum-free conditions for 48 h. Culture medium subsequently was removed, and the cell monolayer was washed with sterile PBS. Cells were fixed by addition of 100% ice-cold methanol for 15 min at Ϫ20°C and permeabilized with 0.3% (vol/vol) Triton X-100 for 30 min. After fixation, cells were blocked with 50% FBS for 1 h before a further washing step with PBS. For HA staining, a biotinylated HAbinding protein (b-HABP; Seikagaku Corp., Tokyo, Japan) at 5 g/ml or the Q75 (40) rat mAb against human TSG-6 (5.3 g/ml) then was added and incubated at 4°C overnight. The slides were washed with PBS before incubation with either fluorescence avidin-D (20 g/ml; Vector Laboratories, Burlingame, CA) or anti-rat Texas red-conjugated antibody (DakoCytomation, Ely, UK) at room temperature for 1 h. After a final washing step, specimens were affixed to the slides in Vectasheild mounting medium (Vector Laboratories) and analyzed by confocal laser scanning microscopy of the upper surface of the cell monolayer (TCS-40; Leica Microsystems, Cambridge, UK).
Visualization of HA by Exclusion Assay
Cell-associated pericellular matrices were visualized using a particle exclusion assay (41) . In this assay, the medium is removed from the monolayer cell cultures, and 750 l of a suspension of formalin-fixed horse erythrocytes (10 8 /ml 0.1% BSA in PBS) is added to the dishes.
Upon settling, the particles are excluded from zones, or "halos," around the cells, which are viewed by phase-contrast microscopy.
Determination of HA Concentration
In all experiments, HA concentration in the cell culture supernatant was determined by an enzyme-linked binding protein assay (HA "Chugai" quantitative test kit; Congenix, Petersborough, UK). Interassay precision ranged from 6.2 to 7.0% (coefficient of variation), and intraassay precision ranged from 3.6 to 4.7% (coefficient of variation). The assay is sensitive to 10 ng/ml, with no cross-reactivity with other glycosaminoglycan compounds.
Flow Cytometry
Cell surface expression of CD44 was assessed by FACS analysis. After detachment of HK-2 cell monolayers, the cells were incubated with anti-CD44 common region antibody (Calbiochem, San Diego, CA) for 30 min at 4°C (antibody dilution 1:500 
Western Blot Analysis
For analysis of extracellular signal-regulated kinase (ERK), confluent cells were serum deprived for 48 h and then lysed by addition of SDS sample buffer (2% [wt/vol]) SDS, 10% [vol/vol] glycerol, 60 mM Tris, and 5% [vol/vol] mercaptoethanol). For analysis of I␣I, confluent cells were serum deprived for 48 h before digestion with either Streptomyces hyaluronidase (2 units for 1 h at 37°C) to release matrix molecules that bound to hyaluronan or subjected to alkali treatment by the addition of 0.1 M NaOH at room temperature for 10 min. After digestion, the cells were pelleted at 300 ϫ g and 4°C for 5 min, and the supernatants were incubated with SDS sample buffer.
Subsequently, Western blot analyses were done by standard methods. Briefly, equal amounts of samples were prepared in SDS sample buffer and heated at 100°C for 5 min before loading onto 10% (wt/vol) SDS-PAGE gels. Samples were electrophoresed in reducing conditions according to the procedure of Laemmli (42) . After electrophoresis, the separated proteins were transferred to a nitrocellulose membrane (Amersham Pharmacia, Biotech UK Ltd., Buckinghamshire, UK). The membrane was blocked with Tris-buffered saline (TBS) that contained 5% (wt/vol) nonfat powdered milk for 1 h and then incubated with the primary antibodies against I␣I-related proteins (DakoCytomation; dilution 1:1000), the dually phosphorylated active form of MAPK (p44/ERK1 and p42/ERK2; Promega; final dilution 1:5000), total MAPK (Sigma; dilution 1:5000) in TBS that contained 1% (wt/vol) BSA, and 0.1% (vol/vol) Tween 20 (TBS-Tween) or rat anti-CD44 (Calbiochem; dilution 1:500) overnight at 4°C. The blots subsequently were washed in TBS-Tween and then incubated with an appropriate horse- Figure 1 . Confirmation of hyaluronan synthase 2 (HAS2) cloning in sense direction into pcDNA4/TO vector. Purified DNA that was extracted from transformed Escherichia coli and subjected to restriction-enzyme double-digestion (using PstI and NotI) was resolved using 1% (wt/vol) agarose gel electrophoresis. Lanes 1 and 2 show two samples that were cloned successfully with HAS2 open reading frame (1700 bp); lane 3 shows an empty vector that was treated similarly with the restriction enzymes.
radish peroxidase-conjugated secondary antibody (Sigma) in TBSTween. Proteins were visualized using enhanced chemiluminescence (Amersham Pharmacia) according to the manufacturer's instructions.
Assay for Leukocyte Adhesion
U937 cell adhesion was measured as described previously (43) . Confluent mock-transfected and HAS2 overexpressing HK-2 cells were serum deprived for 48 h before the leukocyte adhesion assay. On the day of assay, U937 cells (up to 70 ϫ 10 6 cells/ml) were labeled for 90 min at 37°C with 100 Ci 51 Cr as sodium chromate (Amersham BioSciences, Chalford St. Giles, UK). The labeled cells were washed three times with serum-free culture medium, counted on a hemacytometer, and resuspended to 10 6 viable cells/0.5 ml (as determined by Trypan blue dye exclusion). Incubation medium was removed from HK-2 cultures, and 10 6 monocytes were added to each well. The binding phase of the assay was done at 37°C for 1 h. All cultures were washed with cold medium before lysis by 1% Triton X-100. An aliquot subsequently was removed for quantification of radioactivity. The number of the U937 cells bound per well was calculated from the initial specific activity (cpm/cell). Spontaneous release of chromium from U937 cells in control incubations on monocytes without HK-2 cells typically was Ͻ10%.
Analysis of 3 H-Radiolabeled HA
Confluent monolayers of cells were serum deprived for 48 h before in vitro 3 H-labeling of HA with [ 3 H]glucosamine under serum-free conditions for 72 h as described previously (44) . Supernatant samples were collected and treated with equal volumes of 200 g/ml pronase (SigmaAldrich) for 24 h at 37°C for subsequent analysis of HA that was released into the culture supernatant. The remaining cell monolayers were incubated with 10 g/ml trypsin (Sigma-Aldrich) in PBS for 10 min at room temperature to remove pericellular (protein-bound) 3 H-HA (Trypsin extract), and an equal volume of 100 g/ml pronase was added to the digest for 24 h at 37°C. Finally, after trypsinization, 100 g/ml pronase was added to each cell pellet for 24 h at 37°C to solubilize the remaining cell-associated 3 H-HA (cell layer).
Each of the fractions subsequently was passed over a DEAE ionexchange column (Amersham Biosciences) equilibrated with 8 M urea (pH 6) in Bis-Tris buffer. The columns were washed using 8 M urea buffer to remove low molecular weight peptides and unincorporated radiolabel. HA then was eluted with 0.3 M NaCl in the urea buffer. Equal volumes of eluted HA then were precipitated by 3 volumes of 1.3% (wt/vol) potassium acetate in 95% (vol/vol) ethanol in the presence of 50 g/ml each of glycosaminoglycan, HA, heparin, and chondroitin sulfate (Sigma-Aldrich) as co-precipitants. Precipitated HA from two equal volumes were either dissolved in 4 M guanidine HCl buffer or incubated with 1 IU Streptococcal hyaluronidase (ICN Biomedicals, Basingstoke, UK) at 37°C for 24 h before addition of equal volumes of 8 M guanidine HCl buffer (pH 6). Each sample was run through a Sephacryl S-500 column (Amersham Biosciences) and eluted with 4 M guanidine HCl buffer before quantification of radioactivity in the eluted fractions. The value of the hyaluronidase-treated portion subtracted from the non-hyaluronidase-treated portion was taken as a measure of 3 H radioactivity in HA.
Alteration in mRNA Expression
The expression of mRNA for HAS, hyaluronidases, and HC3 from P␣I was determined by reverse transcription-PCR (RT-PCR) using specific oligonucleotide primers (Table 1) as described previously (45) . PCR was done for various cycles (28 to 40 cycles) to ensure that each amplification was in the linear range of the curve. After PCR, one tenth of the PCR reaction mixtures from both test and control (␤-actin) samples was mixed and separated by flatbed electrophoresis in 3% (wt/vol) NuSieve GTG agarose gels (Flowgen Instruments Ltd., Sittingbourne, UK), stained with ethidium bromide (Sigma-Aldrich), and photographed. The photographic negatives were scanned using a densitometer (Model 620 video densitometer; Bio-Rad Laboratories Ltd. Hercules, CA), and the densities of the bands were compared with those of the housekeeping gene. Results were expressed as the ratio of the gene of interest to that of ␤-actin, normalized to the control value (the ratio in the unstimulated cells) of each experiment.
Expression and Purification of Wild-Type and Mutant TSG-6
Full-length recombinant human TSG-6Q (the protein product of TSG-6 [46] Q allotype [47] ) was expressed in Drosophila S2 cells and purified as described previously (47) . Tyr-94 (numbered as in the preprotein [46] ) was mutated to phenylalanine with the Transformer site-directed mutagenesis kit (Clontech, Palo Alto, CA) using the method described previously (48) and purified to homogeneity as for the wild-type protein (M.S.R., C.F., E. Harvey, D.J. Mahoney, C.M. Milner, and A.J.D., manuscript in preparation). The mutagenesis and Forward 5Ј-CCTTCCTGGGCATGGAGTCCT-3Ј  204  Reverse 5Ј-GGAGCAATGATCTTGATCTT-3Ј  HAS2  Forward 5Ј-GCAGGCGGAAGAAGGGACAAC-3Ј  313  Reverse 5Ј-TCAGGCGGATGCACAGTAAGGA-3Ј  HAS3  Forward 5Ј-AGTGCAGCTTCGGGGATGA-3Ј  453  Reverse 5Ј-TGATGGTAGCAATGGCAAAGAT-3Ј  hyal1  Forward 5Ј-CAGGCGTGAGCTGGATGGAGA-3Ј  400  Reverse 5Ј-GTATGTGCAACACCGTGTGGC-3Ј  hyal2  Forward 5Ј-GAGTTCGCAGCACAGCAGTTC-3Ј  446  Reverse 5Ј-CACCCCAGAGGATGACACCAG-3Ј  P␣I HC3  Forward 5Ј-AGTACCCCGAGAACGCTATCCTG-3Ј  411  Reverse 5Ј-TGGCCCTCTCATCCTCGTTGTCC-3Ј a HAS, hyaluronan synthase; P␣I HC3, pre-␣-inhibitor heavy chain 3. selection primers were 5Ј-CAGAGTTGGATTGCCCATTGTG-3Ј and 5Ј-AGAGGGCCCGCGGTTCGAAG-3Ј, respectively, where the bases in bold altered a Tyr to Phe (in the former) and an AvrII restriction site to SacII (in the latter). The mutation was confirmed in the purified protein (TSG-6Q_Y94F) by trypsin digestion and mass spectrometric analysis (M.S.R. et al., manuscript in preparation). The isolated Link module domain from human TSG-6 (Link_TSG-6; corresponding to residues 36 to 133 in the preprotein [46] ) was expressed in E. coli and purified as before (49) .
␤-Actin
Effect of TSG-6 Mutation on HC Transfer
Wild-type TSG-6Q and the TSG-6Q_Y94F mutant were compared in an assay that determines the extent of TSG-6 -mediated covalent transfer of HC from I␣I (HC1 and HC2) and P␣I (HC3) onto HA (27) . The TSG-6 proteins (250 ng) were incubated with 5 l of mouse serum (as the source of I␣I and P␣I) and 5 g of high molecular mass HA (Healon GV; Advanced Medical Optics Inc., Santa Ana, CA) in the absence and presence of 2 mM EDTA in 50 l (total volume) of PBS for 24 h at 37°C. The samples were run on 4 to 20% (wt/vol) precast gels and analyzed by Western blotting as described previously (27) using an anti-I␣I polyclonal antibody (Dako Corp, Ely, UK).
Statistical Analyses
Statistical analysis was done using the unpaired t test, with a value of P Ͻ 0.05 considered to represent a significant difference. The data are presented as means Ϯ SD of n experiments. For each individual experiment, the mean of duplicate determinations was calculated.
Results
Overexpression of HAS2 mRNA in the stable cell line was confirmed by RT-PCR (Figure 2A ). The specificity of HAS2 mRNA expression was demonstrated by examining the expression of HAS3 mRNA in both the HAS2 overexpressing cell line and a stable cell line that was transfected with the empty vector (MOCK). By scanning densitometry, there was approximately a two-fold increase in HAS2 mRNA expression in the stable HAS2 cell line, with no change in HAS3 mRNA as compared with the mock-transfected cell line.
HA production by the cell lines was examined both by ELISA of the cell culture supernatant and also after [
3 H]glucosamine labeling of HA. Confluent monolayers of HAS2-expressing cells or mock-transfected cells were serum deprived for 48 h. Fresh serum-free medium subsequently was added for an additional 24 h before collection and quantification of HA by ELISA ( Figure 2B ). The HA concentration in the culture supernatant was significantly greater in the HAS2-expressing cell line. This represented a 70% increase in the HA over the mock-transfected cells.
Analysis on Sephacryl S-500 of the [ 3 H]glucosamine-labeled HA samples from both the HAS 2 overexpressing cell line and the mock-transfected HK-2 cells demonstrated that the majority of the labeled HA in the supernatant and the trypsin extracts appeared near the void volume and therefore was considered to be of high molecular mass ( Figure 2C ). In the HAS2-transfected cells, there was a marked increase in high molecular weight HA in the medium and cell layer but not in the trypsin extract. There also was a marked increase in lower molecular weight HA in the cell layer extract as compared with the mock-transfected cells.
Visualization of Pericellular HA
Confocal imaging was used to examine the organization of HA on the cell surface. HA was identified with b-HABP and detected with fluorescence avidin-D. Photomicrographs of fixed growth-arrested mock-transfected HK-2 cells revealed diffusely arranged pericellular HA over the cell surface (pericellular coats). In addition, HA was demonstrated in cable-like structures that spanned several cell lengths ( Figure 3A) . These results are consistent with our previous characterization of cell surface HA in unmanipulated HK-2 cells (21). In the HAS2 overexpressing cell line, there was an increase in the size of the pericellular HA coats as assessed by immunohistochemistry ( Figure 3B ) and an increase in the pericellular HA halo assessed by exclusion of formalin-fixed horse erythrocytes ( Figure 3 , C and D). In contrast to the increase pericellular coat, the overexpression of HAS2 resulted in inhibition of HA cable formation. Confirmation of the nature of the HA content of the cable structures was shown by treatment of confluent monolayers of cells with bovine testicular hyaluronidase (200 g/ml final concentration at room temperature for 5 min) before addition of b-HABP. Limited hyaluronidase digestion removed both the cable structures in the mock-transfected cells and the pericellular matrices in both the mock-and HAS2-transfected cells (Figure 3, A and B inserts) .
Functional Alterations Associated with HAS2 Overexpression
Two functional parameters that we previously demonstrated to be related to HA expression are the binding of monocytes and epithelial cell migration. Monocyte binding depends on HA cell surface cables (21) , whereas increased HA synthesis in a scratch-wound healing model is associated with increased cell migration (50) . These two functional parameters were chosen because binding of monocytes attenuates monocyte-stimulated TGF-␤1 generation and may be considered as a disease-limiting function, whereas migration of PTC is associated with transdifferentiation and a profibrotic function.
HA-Dependent Monocyte Binding
U937 monocytic cells were used to examine the binding capacity of inflammatory cells by either HAS2-overexpressing or mock-transfected HK-2 cells. Quantification of monocyte binding was done by determination of bound radioactivity after addition of 51 Cr-labeled U937 cells. Despite increased HA production in the HAS2-overexpressing cells, binding of labeled U937 cells was significantly greater in the mock-transfected cells (Figure 4) . In this regard, monocyte binding was significantly reduced by removal of cell surface HA by adding bovine testicular hyaluronidase (final concentration 200 g/ml) at 37°C for 5 min to the epithelial cell monolayers, before addition of monocytes ( Figure 4A ). Previously, we demonstrated that residual monocyte binding after hyaluronidase treatment (and removal of HA cables) represents binding to intracellular adhesion molecule expressed on the PTC cell surface, whereas HA-dependent binding represents binding to HA cables (21, 51) . Addition of hyaluronidase to the HAS2 cell line did not significantly reduce the binding of labeled U937 cells. These data therefore are consistent with the marked difference in the expression of HA cables between the two cell lines.
Previously, we demonstrated that the increase in HA cables is associated with a downregulation of hyaluronidase, suggest- ing that alteration in HA turnover may be involved in their generation. No commercial antibodies are available to examine hyaluronidase protein expression; therefore, to explore this possibility further, we examined hyaluronidase expression (hyal1 and hyal2) by descriptive RT-PCR analysis in the HAS2-and mock-transfected cell lines. Confluent cell monolayers were serum deprived for 48 h before extraction of total mRNA. The marked decrease in HA cables in the HAS2-overexpressing cell line and the increase in low molecular weight HA in the cell extract were associated with a significant increase in both hyal1 and hyal2 mRNA expression ( Figure 4B ).
Cell Migration
Cell migration was assessed in a previously characterized scratch-wound system (13, 50) . Confluent monolayers of cells were serum deprived for 48 h before generation of an intersecting area of denuded cells by scraping with a sterile 1000-l pipette tip. Closure of the denuded area then was monitored at different times. At 24 h and all time points beyond this, the number of migrating cells that entered the "denuded area" was significantly greater in the HAS2-overexpressing cells compared with the mock-transfected cells ( Figure 5 ).
Mechanism of Enhanced Migration and Involvement of Hyaladherins: CD44, I␣I, P␣I, and TSG-6
CD44. Previously, we demonstrated that migration in a scratch-wound system that used nontransfected HK-2 cells is mediated by CD44-dependent activation of ERK and that this effect may be enhanced by the addition of exogenous HA (50) . In contrast, in our study, addition of monoclonal blocking antibody to CD44 (Clone BU52; The Binding Site Ltd., Birmingham, UK; final concentration 5 g/ml) that blocks HA-CD44 interactions (50) , to a monolayer of HAS2-transfected cells after the creation of an intersecting "scratch" had no effect on the rate of cell migration as compared with migration of HAS2-overexpressing cells in the absence of antibody ( Figure 6A ). Cell surface CD44 expression was examined by flow cytometry using an antibody to the common region of CD44 (Calbiochem). This revealed that there was a marked decrease in cell surface expression of CD44 in the HAS2-overexpressing cells compared with the mock-transfected cells ( Figure 6B ), which also was confirmed by Western blot analysis of total cell lysates ( Figure 6C ). Furthermore, reduction in the ERK activation was observed as assessed by immunoblot analysis of phosphorylated MAPK in the HAS2-overexpressing cells as compared with mock-transfected cells ( Figure 6D ).
To demonstrate that migration in the HAS2 cells was related to the generation of HA, we added exogenous HA (molecular weight 2 ϫ 10 6 , 25 g/ml, generated as described previously [50] ) to the monolayer after the generation of a wound/denuded area. Despite reduction in the expression of CD44, the migratory response of the HAS2-overexpressing cells was significantly enhanced by addition of exogenous HA at all time points beyond 48 h ( Figure 6E) . I␣I/P␣I. Although HA is known to be the major structural component of the pericellular matrix, other macromolecules, including I␣I and P␣I, are important in its organization. After scratch wounding, incubation of either mock-or HAS2-transfected cells with antibody to I␣I/P␣I led to significant inhibition of cell migration (Figure 7) . Previously, we demonstrated that PTC synthesize HC3 of the P␣I complex but not HC1 of I␣I (24) . Expression of HC3 mRNA and protein was examined in the HAS2-overexpressing cells by RT-PCR and Western blot analysis. In the HAS2-overexpressing cells, there was a decrease in HC3 mRNA expression compared with mock-transfected cells ( Figure 8A ). To investigate further the presence of I␣I-related proteins in the cell matrix, we isolated total cell extracts by Laemmli SDS buffer under reducing conditions (total extract) and by treatment with Streptomyces hyaluronidase. The extracts were analyzed by SDS-PAGE under reducing conditions followed by immunoblotting and immunochemical detection with a polyclonal antiserum against I␣I (that also recognizes intact P␣I [52] ). After hyaluronidase digestion, two major I␣I-positive bands where the lower species (approximately 75 kD) most likely represents HC that were covalently bound to HA were observed ( Figure 8B ). The appearance of the upper band (approximately 125 kD) on hyaluronidase digestion and its sensitivity to NaOH treatment are similar to that described for the TSG-6 -HC complexes in the murine cumulusoophorus (53) .
TSG-6. TSG-6 is a secreted HA-binding protein that is implicated in ECM remodeling (33) . It interacts with HA and can form with HC of I␣I and P␣I covalent complexes that act as intermediates in the transfer of HC from I␣I/P␣I to HA (54) . The presence of endogenous TSG-6 in the pericellular matrix was confirmed by immunohistochemistry, which revealed that TSG-6 co-localized with HA around the HAS2-overexpressing cells in monolayer culture (Figure 9 ). TSG-6 also localized to the smaller pericellular matrix coats in mock-transfected cells. In our scratch-wound system, incubation of HAS2-overexpressing cells with the rat anti-human mAb A38 (final concentration 5 g/ml), previously demonstrated to block HA binding to TSG-6 (40) and inhibit the formation of TSG-6 -HC complexes in vitro (55) , significantly attenuated cell migration (Figure 10 ), whereas it did not affect mock-transfected cells.
To further investigate the potential mechanism by which TSG-6 influenced migration in the HAS2-overexpressing cells, we assessed migration in the presence of fully functional fulllength recombinant TSG-6Q, Link_TSG-6, which can bind to HA (35, 47, 56) but is unable to form stable complexes with HC (49) , and a mutant of TSG-6Q, in which Tyr-94 has been replaced by phenylalanine (TSG-6Q_Y94F), resulting in impaired HA binding (48) . In this study, we assessed the effect of this mutation on TSG-6 -mediated HC transfer onto HA (i.e., to form HC-HA). Figure 11A shows that TSG-6Q and TSG-6Q_Y94F both can support HC transfer from I␣I and P␣I onto HA as shown by the loss of I␣I and P␣I in lanes 1 and 3. Both TSG-6 -HA formation and subsequent HC transfer are known to be metal ion dependent (54); consistent with this, the transfer activity of the mutant was inhibited by EDTA. In the scratchwound model, increased migration of HAS2-overexpressing cells was seen after addition of either TSG-6Q or TSG-6Q_Y94F ( Figure 11B ). In contrast, addition of Link_TSG-6, which can bind to HA (35, 47, 56) but is unable to form stable complexes with HC (49), had no effect on migration. These data suggest that TSG-6 -mediated HC transfer is important for enhanced migration of cells in which HA production is increased through overexpression of HAS2 mRNA.
Discussion
HA is a large glycosaminoglycan that is present in most ECM (57). It is not a prominent component of the normal renal cortex, but increased levels have been demonstrated after renal injury, although the functional significance of this observation is not clear. We previously demonstrated that exogenous HA may activate PTC and enhance their migration in a scratch model (16, 50) . Recent work has demonstrated that increased HA production by renal epithelial cells induces mesenchymal transdifferentiation (58), a key event that contributes to the accumulation of renal interstitial fibroblasts that are associated with progressive renal fibrosis. We also demonstrated that PTC assemble HA-based cables, which bind monocytes and reduce their capacity to interact with cell surface adhesion molecules (21) . It is clear, therefore, that alterations in HA synthesis and organization will have important roles in events that contribute to the pathogenesis of progressive renal fibrosis.
Unlike other glycosaminoglycans, HA normally is synthesized at the plasma membrane rather than in the Golgi and is thought to be elongated at the reducing rather than the nonre- Figure 6 . Enhanced migration is CD44 independent and associated with reduced CD44 expression in HAS2-overexpressing cells. (A) Blocking of CD44 with an anti-CD44 mAb did not reduce migration of HAS2-overexpressing cells. Confluent serum-deprived monolayers of HAS2-overexpressing cells were scratched as described in Materials and Methods to produce an intersecting area that was denuded of cells. Subsequently, after washing of the monolayer to remove detached cells, the rate of cell migration was assessed in the presence (f) or absence (Ⅺ) of blocking antibody to CD44 (5 g/ml) as described in legend to Figure 5 Activation of extracellular signal-regulated kinase (ERK) was used as a surrogate marker of CD44 activity associated with cell migration. Whole-cell extracts from confluent growth-arrested mock or HAS2-expressing cells were subjected to SDS-PAGE and Western blotting. The blots were probed with antiactive mitogen-activated protein kinase (MAPK) antibody, which recognizes the dually phosphorylated active form of MAPK. After stripping of the membrane (20% SDS, 50°C for 30 min), the blot was reprobed with an anti-total MAPK antibody to ensure no change in the expression of whole-cell MAPK had occurred. (E) HAS2 cells exhibit enhanced migration when stimulated with HA. After generation of an intersecting area that was denuded of cells, fresh cell culture supernatant alone (Ⅺ) or supernatant to which HA (molecular weight 2 ϫ 10 6 ) had been added to a final concentration of 25 g/ml (f) was added and the rate of cell migration was assessed by direct counting of the number of cells that migrated into the intersecting denuded area at each of the time points indicated. The data are expressed as the number of cells per mm 2 of denuded area and represent the mean Ϯ SD of four individual experiments.
ducing terminus, obviating the need for a core protein (59) . Three separate HAS genes have been cloned and characterized in humans: HAS1, HAS2, and HAS3 (17, 60) . The three HAS genes are located on separate autosomes, are expressed in different patterns during development (and in the adult), and are thought to be subject to different regulatory influences. Our previous studies demonstrated that in PTC, stimulation of HA is associated with induction of the HAS2 gene. Furthermore, phenotypic alteration in renal epithelial cells may be driven by adenoviral expression of HAS2 (58) . The aim of the work presented in this study was to characterize alterations in HA and its consequences on cell functions after HAS2-dependent HA synthesis in PTC to examine the potential role of HAS2-driven HA synthesis in the alteration of epithelial cell function. The data presented demonstrate a striking absence of HA cables after overexpression of HAS2 in PTC when compared with the mock-transfected cells. Previously, we demonstrated that HA cables are associated with monocyte adhesion, which is consistent with the data presented in this study that the HAS2-overexpressing cells exhibit a reduction in HA-dependent monocyte binding. HA cable-like structures bind mononuclear leukocytes via their cell surface CD44 receptors (21) . We demonstrated that binding of monocytes to these structures attenuates monocyte-dependent PTC generation of TGF-␤1 (22) and therefore may be disease limiting because TGF-␤1 is well established as a mediator of progressive renal fibrosis. That HA cable formation that is inhibited by HAS2-overexpression therefore is consistent with our previous observations that stimuli that generally are implicated in disease pathogenesis also stimulate HAS2 gene expression (18) and suggests that this inducible HAS isoform therefore may contribute to renal injury.
Previously, we demonstrated that the stimulation of cable formation after addition of bone morphogenic protein 7 (BMP-7) was associated with decreased expression of hyal1 and hyal2 (21) . In contrast to BMP-7, IL-1␤ did not influence hyal expression and did not stimulate cable formation, although it is a potent stimulus of HA synthesis. This led us to postulate that downregulation of hyaluronidase activity by BMP-7 allowed HA to remain associated with HAS and that HA that is extruded through the cell membrane is anchored to HAS isoforms and associates with similarly anchored HA from neighboring cell, thereby forming cables. Our observations in this study are consistent with this hypothesis; a consequence of the upregulation of hyaluronidase in the HAS2-transfected cells is that extruded HA may be cleaved at the cell surface. Although we have demonstrated only alteration of hyal1 and hyal2 at the level of their mRNA, the increase in low molecular weight HA in the HAS2 cells suggests that this also is associated with increased enzyme activities. Increased hyaluronidase expression, however, may represent a feedback response of the cell when it encounters a huge excess of HA and therefore may not be causally related to absence of cables in HAS2-overexpressing cells. An alternative explanation for absence of cables may be related to organization of HAS2 and that competition for the UDP-sugar substrates between cable-forming and non-cableforming HAS2 may limit cable formation. It is possible to speculate that cable-forming HAS may have specific membrane organization that requires additional structural components that are not present in the transfected cells, which therefore limits cable formation in these cells. A third possibility is that cables may be associated with the activity of the constitutive HAS isoform HAS3. Transfection with HAS2 therefore may lead to competition for substrate, attenuating HAS3-associated HA generation and limiting cable formation. The other striking feature of the HAS2-overexpressing cells is the increase in the pericellular HA coat. This is consistent with the observation that inhibition of HAS2 activity has been demonstrated to inhibit pericellular matrix assembly in human articular chondrocytes (61) . The generation of such a pericellular matrix has been associated with the migratory capacity of cells (19) , as was seen in the HAS2-overexpressing cells in our study. Previously, we demonstrated that exogenous HA increased epithelial cell migration through CD44-dependent activation of the ERK-MAPK pathway. In this study, enhanced migration was not dependent on CD44 activation. Furthermore, we were able to demonstrate a reduction of cell surface expression of CD44 in the HAS2-overexpressing cells and a reduction of expression of CD44 in total cell lysates. This may suggest that in contrast to previous studies that used articular chondrocytes (41) , the pericellular HA matrix in these epithelial cells may not be anchored by CD44 in this case. In certain cell types, it has been shown that HA is internalized for degradation by an endocytic pathway that requires CD44 function (62, 63) . It is possible that reduced cell surface CD44 expression in the HAS2-overexpressing cells may be due to increased HA internalization. This is supported by the observation of increased amounts of intracellular HA of low molecular weight in the transfected cells. Our observations also are consistent with reports that HA-dependent cell migration may be CD44 inde- pendent but associated with another distinct HA cell surface receptor, namely receptor for HA-mediated motility (RHAMM) (64, 65) . More recent studies suggested that RHAMM compensates for CD44 in CD44 knockout mice (66) . It is interesting to speculate, therefore, that in the face of reduced CD44 expression in the HAS2-overexpressing epithelial cells, enhanced mi- Figure 8 . Expression of heavy chain 3 (HC3) chain and incorporation of HC into the matrix of HAS2-overexpressing cells. Total mRNA was extracted from confluent monolayers of mock and HAS2-overexpressing cells after 48 h of serum deprivation (A). PCR products were separated on a 3% (wt/vol) agarose gel and stained with ethidium bromide. Three representative PCR reactions are shown. PCR amplification was done for 28 cycles for ␤-actin mRNA and 36 cycles for P␣I HC3 chain mRNA. Densitometric ratios of the gene of interest compared with the housekeeping gene, ␤-actin, of three individual experiments are shown with the data representing mean Ϯ SD. In parallel experiments, expression of I␣I/P␣I was examined by Western blot analysis (B). Total cell extracts (Total) were prepared by addition of SDS sample buffer. HA-bound proteins were release from the total cell extract by Streptomyces hyaluronidase digestion (H'ase). In addition, total cell extracts were subjected to alkali treatment by the addition of 0.1 M NaOH. The total cell extracts or the supernatant samples after enzymatic digestion or alkali treatment were analyzed by SDS-PAGE, and I␣I-related proteins were detected by Western blot analysis using a polyclonal antibody to I␣I. Inhibition of TSG-6 inhibits migration of HAS2-overexpressing cells but not mock-transfected cells. After generation of an intersecting area that was denuded of cells, the rate of cell migration of each of the two cell lines was assessed at each of the time points indicated in the presence and absence of rat anti-human mAb A38 as indicated (final concentration 5 g/ml). The data are expressed as the number of cells per mm gration is related to preferential RHAMM activation. It is of note, however, that HA-induced transcription of metalloproteases has been demonstrated to be mediated via a cell surface receptor that is neither CD44 nor RHAMM (67) , suggesting that as-yet-unidentified cell surface receptors may mediate HAdependent events.
In contrast to the lack of effect of the blocking antibody to CD44, antibodies to either I␣I-related proteins or TSG-6 clearly attenuated migration of HAS2-overexpressing cells. The localization of HC within the pericellular HA coat and the inhibition of migration of both mock-and HAS2-transfected cells by inclusion of an antibody to I␣I/P␣I support the notion that addition of HC to HA is an important mechanism by which the pericellular HA coat is stabilized in renal epithelial cells. Previous studies have demonstrated the importance of HC in formation of both HA cables (30) and pericellular HA matrices (27) . The lack of HA cables in the HAS2-expressing cells therefore suggests that the effect of blocking I␣I is likely to be related to inhibition of HC transfer into the pericellular coat. This is supported further by the data demonstrating the involvement of TSG-6 in cell migration, as it has been shown that TSG-6 is not required for HA cable formation (68) . TSG-6 and its Link module domain were shown previously to influence leukocyte migration by enhancing their adhesion through increasing the affinity of HA binding to CD44 on the surface of lymphocyte cell lines (35) ; this may occur by the TSG-6 -mediated formation of cross-linked HA fibers that can lead to the clustering of multiple CD44 molecules. The lack of effect of addition of Link_TSG-6 in our system suggests that its action is independent of its HA-binding capacity, and, again, this is consistent with the decreased expression of CD44.
TSG-6 also forms covalent complexes with HC from either I␣I (HC1 or HC2) or P␣I (HC3) that act as intermediates in their covalent transfer onto HA (54), thereby stabilizing ECM that are rich in HA (27) . There seem to be differences in the mechanism of transfer of HC1/HC2 and HC3, however, because TSG-6 -HC complexes that are derived through HC transfer from I␣I can be generated in vitro in the absence of serum (54), whereas TSG-6 -HC3 complexes are formed only in vitro in the presence of serum (27, 54) . It has been proposed that the Link module of TSG-6 is involved directly in the formation of TSG-6 -HC complexes because the A38 antibody, which has its epitope in the Link module (25) , can inhibit this process and, consequently, block HC transfer onto HA (54, 55) . However, the Link module alone is unable to form covalent complexes with HC (49) . In contrast to Link_TSG-6, a mutated variant of the full-length protein, which has impaired HA binding but still can mediate the transfer of HC from I␣I and P␣I, was able to augment cell migration in our system. These data therefore support the hypothesis that TSG-6 -mediated transfer of HC into the HA-rich pericellular matrix is a critical regulator of cell migration.
Although the components of the I␣I family are synthesized predominantly in hepatocytes, we previously demonstrated ) were incubated at 37°C in the absence or presence of EDTA. Samples were run on SDS-polyacrylamide gels and analyzed by Western blotting using a polyclonal antibody against I␣I that also recognizes P␣I. The presence of EDTA (ϩ) inhibits HC transfer, and intense bands are seen for I␣I and P␣I, as described previously (54); the absence of a band or a significant reduction in its intensity indicates that TSG-6 -mediated HC transfer has taken place. TSG-6Q and Y94F in the absence of EDTA (Ϫ) both give rise to a high level of HC transfer. However, if TSG-6 is not added, then transfer does not occur. Whereas the Y94F mutant leads to a significant amount of HC transfer, it is somewhat less active than the wt protein for the transfer of I␣I and P␣I HC onto HA. (B) Enhanced migration of HAS2-overexpressing cells depends on I␣I/P␣I transfer activity of TSG-6. After generation of intersecting area that was denuded of cells, the rate of cell migration was assessed at each of the time points indicated in the presence of recombinant full-length human TSG-6 (Q allotype; TSG-6Q), a mutant of the full-length protein TSG-6Q_Y94F, the isolated TSG-6 Link module domain (Link_TGS6; all at a final concentration of 5 g/ml). The data are expressed as the number of cells per mm 2 of denuded area. Data represent the mean Ϯ SD of four individual experiments.
that PTC cells express P␣I, a member of the I␣I family (24) . In our cell culture model, cells were grown to confluence in the presence of serum. During this period of growth, HC may be incorporated into the matrix from serum-derived I␣I or P␣I or, alternatively, from endogenous P␣I. We speculate, however, that the HC that are incorporated during the period of migration after scratch wounding are derived from endogenous P␣I because all of the experimental manipulations were performed under serum-free conditions. It is interesting that in our experimental system, the antimigratory effect of blocking TSG-6 was apparent only in the HAS2-overexpressing cells. It is of note, therefore, that there was decreased expression of HC3 chains in the HAS2-overexpressing cells. In these cells, given the relative deficiency of HC, the presence of TSG-6, which co-localizes to the HA in the pericellular coat, may be more critical for the formation of a stabilized pericellular matrix.
Conclusion
We postulate that the form in which pericellular HA is assembled and, hence, its effect on cell function are determined by a complex series of mechanisms. The data are consistent with the hypothesis that HA synthesis that results from activity of the inducible HAS isoform HAS2 may generate a profibrotic phenotype. However, in addition to HAS activity, it is likely that the expression patterns of hyaluronidases and also the generation and expression patterns of various hyaladherins play a pivotal role in the assembly of pericellular HA.
